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ABSTRACT
Hydrodynamical simulations predict that the jets of young radio sources can inhibit
star formation in their host galaxies by injecting heat and turbulence into the inter-
stellar medium (ISM). To investigate jet-ISM interactions in a galaxy with a young
radio source, we have carried out a multi-wavelength study of the z = 0.025 Com-
pact Steep Spectrum radio source hosted by the early-type galaxy UGC 05771. Using
Keck/OSIRIS observations, we detected H2 1–0 S(1) and [Fe ii] emission at radii of 100s
of pc, which traces shocked molecular and ionised gas being accelerated outwards by
the jets to low velocities, creating a ‘stalling wind’. At kpc radii, we detected shocked
ionised gas using observations from the CALIFA survey, covering an area much larger
than the pc-scale radio source. We found that existing interferometric radio obser-
vations fail to recover a large fraction of the source’s total flux, indicating the likely
existence of jet plasma on kpc scales, which is consistent with the extent of shocked
gas in the host galaxy. To investigate the star formation efficiency in UGC 05771, we
obtained IRAM CO observations to analyse the molecular gas properties. We found
that UGC 05771 sits below the Kennicutt-Schmidt relation, although we were unable
to definitively conclude if direct interactions from the jets are inhibiting star forma-
tion. This result shows that jets may be important in regulating star formation in the
host galaxies of compact radio sources.
Key words: galaxies: active – galaxies: jets – galaxies: evolution – ISM: jets and
outflows
1 INTRODUCTION
Feedback processes driven by active galactic nuclei (AGN)
are now known to be pivotal in shaping the properties
of galaxies in the modern universe. For example, power-
ful quasar winds have been invoked to explain the observed
galaxy luminosity function (Croton et al. 2006) and to estab-
lish correlations between properties of the stellar bulge and
the mass of the central black hole (Silk & Rees 1998). Power-
ful, relativistic jets from radio galaxies in clusters have long
been thought to prevent catastrophic cooling of the intra-
cluster medium, reproducing observed star formation rates
(SFRs) (Fabian 2012; McNamara & Nulsen 2012). In re-
cent decades, numerous observational and theoretical stud-
ies have also shown that jets can both enhance (‘positive
? E-mail: henry.zovaro@anu.edu.au
feedback’) and inhibit (‘negative feedback’) star formation
in their host galaxies, carrying implications for the impor-
tance of radio activity in the context of galaxy evolution.
Hydrodynamical simulations suggest that jets have the
potential to regulate star formation in the host galaxy, ei-
ther by removing gas from the host galaxy altogether, or by
heating it and thus preventing it from forming stars. When
nascent jets emerge from the nucleus and propagate into
the inhomogeneous interstellar medium (ISM) of their host
galaxy, the jets become deflected and split as they encounter
dense clumps, injecting their energy isotropically and form-
ing a bubble that drives a shock into the ISM (Sutherland
& Bicknell 2007; Wagner et al. 2016). While powerful jets
may be able to expel gas from the host galaxy entirely, less
powerful jets can create a ‘galactic fountain’, in which gas
falls back towards the nucleus after being accelerated out-
ward (Mukherjee et al. 2016), inducing turbulence into the
© 2019 The Authors
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ISM. Jets that are unable to drill efficiently through the ISM
may also become temporarily trapped, injecting energy into
the ISM over long periods of time.
Jet-induced negative feedback has now been observed
in a number of radio galaxies. Many radio galaxies ex-
hibit powerful outflows in the ionised, atomic and molecu-
lar phases (e.g., Nesvadba et al. 2006, 2010; Morganti et al.
2013; Tadhunter et al. 2014). Warm molecular gas, traced by
ro-vibrational lines of H2, is also found in about 20–30 per
cent of all massive radio galaxies, where jet-induced shocks
are the most likely heating mechanism (Ogle et al. 2010; Wil-
lett et al. 2010; O’Dea 2016). The fact that ro-vibrational H2
emission is so common in these galaxies, which are generally
neither gas-rich nor very actively star forming (e.g., Ocan˜a
Flaquer et al. 2010), has previously been interpreted as evi-
dence that jets are able to continuously inject energy into the
ISM over long periods of time (e.g., Nesvadba et al. 2010).
Although some of these H2-luminous radio galaxies exhibit
moderate rates of star formation, others have very low SFRs
despite having large reservoirs of molecular gas (Nesvadba
et al. 2010, 2011; Guillard et al. 2015), indicating that the
jets are inducing negative feedback in their host galaxies.
Gigahertz Peak Spectrum (GPS) and Compact Steep
Spectrum (CSS) sources are key in studying jet-induced
feedback taking place within the host galaxy. They are
compact (. 20 kpc) radio galaxies characterised by a con-
vex radio spectrum, peaking at GHz frequencies in GPS
sources and at frequencies of a few 100 MHz in CSS sources,
with both exhibiting a steep power-law spectrum to either
side of the peak (O’Dea 1998). A larger fraction of GPS
and CSS sources are asymmetric than more extended radio
sources (Orienti 2016), suggesting that the jets are interact-
ing strongly with an inhomogeneous ISM. They are also be-
lieved to represent AGN with young jets; age estimates based
on the expansion rate of the radio lobes (e.g., de Vries et al.
2009; Giroletti et al. 2003) and based on the curvature of the
radio spectrum at high frequencies (Murgia 2003) are typi-
cally within the range 102−105 yr. Simulations show that jets
couple most strongly to the ISM during the earliest phases
of jet evolution, when the jet plasma is still confined to the
host galaxy’s ISM (Sutherland & Bicknell 2007; Mukher-
jee et al. 2016; Wagner et al. 2016). Observations of GPS
and CSS sources have confirmed the ability of compact jets
to kinematically disrupt the ISM, leaving signatures such as
line ratios consistent with shocks, broad line widths and out-
flows of a few 1000 km s−1 in some sources (Holt et al. 2008).
Therefore, GPS and CSS sources are the ideal targets for
observing jet-driven feedback processes which may have a
significant impact upon the host galaxy’s evolution.
A recent study by Zovaro et al. (2019) of the nearby
CSS source 4C 31.04 demonstrated that compact jets have
the potential to effect feedback processes far beyond the ap-
parent extent of the radio source. The authors found ev-
idence of low-surface brightness jet plasma driving shocks
and turbulence into the gas of the host galaxy on kpc scales,
while the apparent extent of the radio jets is < 100 pc.
To establish whether the phenomenon of low-surface
brightness radio plasma is common in compact radio sources,
and whether it plays an important role in jet-driven feed-
back, we build upon the work of Zovaro et al. (2019)
by studying the radio source associated with the galaxy
UGC 05771. It is a CSS source with a spectral peak at
Table 1. Properties of UGC 05771. a luminosity-weighted stellar
velocity dispersion within the effective radius. busing the MBH−σ∗
relation of Gu¨ltekin et al. (2009). c from a Se´rsic profile fit to the
V band continuum.
Property Value Reference
z 0.02469 ± 0.00017 Falco et al. (1999)
DL 95.6524 Mpc Saulder et al. (2016)
DA 91.5876 Mpc Saulder et al. (2016)
Angular scale 0.444 kpc arcsec−1 Saulder et al. (2016)
log[M∗/M] 11.27 ± 0.10 Sa´nchez et al. (2016)
σ∗ 226 ± 3 km s−1 Oh et al. (2011)
σe 223 ± 3 km s−1 This worka
log[MBH/M] 8.54±0.230.03 This workb
n 1.25 This workc
Re 3.0 kpc This work
c
150 MHz, believed to be approximately 9 pc in size (de Vries
et al. 2009), and therefore a very young radio source. To
search for shock-heated ionised and molecular gas within a
few 100 pc of the nucleus, both important tracers of jet-ISM
interactions, we obtained high-resolution, adaptive-optics-
assisted near-IR integral field spectrograph observations us-
ing OSIRIS on the Keck I telescope. We complemented this
data with optical integral field spectroscopy from the CAL-
IFA survey, which has a much larger field of view, enabling us
to search for signatures of jet-ISM interaction on kpc scales
using the optical emission line gas. To determine if the jets
are inducing negative feedback in UGC 05771, we also ob-
tained CO data from the IRAM 30 m telescope, allowing us
to investigate the star formation efficiency of the host galaxy.
In Section 2, we summarise the properties of UGC 05771
and its radio source. In Section 3 we discuss our OSIRIS ob-
servations, data reduction and analysis; in Section 4 we dis-
cuss the CALIFA data and our analysis; and in Section 5 we
discuss our IRAM observations, data reduction and analy-
sis. We present our interpretation of our findings in Section 6
before summarising in Section 7. For the remainder of this
paper, we assume a cosmology with H0 = 70 km s−1 Mpc−1,
ΩM = 0.3, and ΩΛ = 0.7, and use the fundamental plane-
derived angular diameter distance and luminosity distance
estimates of Saulder et al. (2016) (Table 1).
2 HOST GALAXY AND RADIO SOURCE
PROPERTIES
UGC 05771 is an early-type galaxy (ETG) with stellar mass
M∗ = 1011.27±0.10 M, and is the most massive galaxy in a
three-member group, with the stellar mass of the other two
galaxies ∼ 1010 M (Saulder et al. 2016). We summarise its
properties in Table 1.
UGC 05771 hosts a low-power CSS source with
P5.0 GHz = 1022.96 W Hz−1 (Snellen et al. 2004). Fig. 1 shows
the radio spectrum obtained from the integrated fluxes from
the 6C 151 MHz, Texas 365 MHz, Bologna 408 MHz, Green-
bank 1.4 GHz, NVSS, Becker & White 4.85 GHz, and 87GB
catalogues. We also show integrated fluxes given by Snellen
et al. (2004) from Jansky Very Large Array (VLA) (in BC
configuration), Effelsberg observations and integrated fluxes
provided by de Vries et al. (2009) using European Very Long
Baseline Interferometry (VLBI) Network (EVN) and Global
MNRAS 000, 1–19 (2019)
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Figure 1. Radio spectrum of UGC 05771. References: (a) Snellen
et al. (2004); (b) de Vries et al. (2009); other single dish fluxes
are the integrated fluxes from the 6C 151 MHz, Texas 365 MHz,
Bologna 408 MHz, Greenbank 1.4 GHz, NVSS, Becker & White
4.85 GHz, and 87GB catalogues.
VLBI observations, and Very Long Baseline Array (VLBA)
observations provided by Cheng & An (2018). These inter-
ferometric observations recover only ∼ 20 − 30 per cent of the
flux measured using single-dish observations at similar fre-
quencies; excluding the EVN and EVN/VLBI fluxes, the
spectrum is well-described by a power law at high frequen-
cies with a spectral index α = 0.621 (Snellen et al. 2004). The
spectrum flattens and turns over at approximately 150 MHz.
To constrain the jet power we used the empirical cor-
relation between radio luminosity L151 MHz at 151 MHz and
jet power Ljet of Ineson et al. (2017):
Ljet = 5 × 1039
(
L151 MHz
1028 W Hz−1 Sr−1
)0.89±0.09
erg s−1 (1)
Although the correlation between jet power and radio lu-
minosity is believed to be fairly tight for extended radio
sources, Ineson et al. (2017) warn that the correlation may
not hold for compact radio sources, in which the radio lumi-
nosity is expected to increase over time due to the accumu-
lation of radiative plasma. With this caveat in mind, using
the 151 MHz flux F151 MHz = 0.230 Jy from the 6C survey, we
estimate a jet power Ljet ≥ 4.2 × 1041 erg s−1.
VLBI observations at 1.665 GHz (EVN and VLBA) and
4.993 GHz (EVN only), taken in 2004, reveal a symmet-
ric core-jet structure 9 pc across with a position angle of
approximately 120◦ (de Vries et al. (2009), Figs. A1a and
A1b). Interestingly, VLBA observations taken in 2011 at
8.4 GHz (Fig. A1c) reveal a single-sided core-jet morphology,
with a bright hotspot 18.3 pc from the core to the South-
East (Cheng & An 2018), and show no hints of emission
along the jet axis. Although these inconsistencies are cu-
rious, they are only relevant to the parsec-scale structure
of the source, which is well below the resolution limit of
the observations discussed in this paper. Hence, determin-
ing the cause of these discrepancies is beyond the scope of
this paper; none the less, we discuss these inconsistencies in
Appendix A.
1 We define the spectral index α such that S ∝ ν−α .
3 OSIRIS OBSERVATIONS
3.1 Observations
We observed UGC 05771 using the OH-Suppressing Infra-
Red Imaging Spectrograph (OSIRIS) (Larkin et al. 2006)
on the 10 m Keck I telescope on Mauna Kea in Hawai‘i.
OSIRIS is a lenslet-array integral field spectrograph operat-
ing over the wavelength range 1−2.4 µm. The instrument has
a configurable plate scale (0.020”, 0.035”, 0.050”or 0.100”per
spaxel) and a wide selection of both broad- and narrow-band
filters, which determine the field-of-view. OSIRIS is fed by
the Keck Adaptive Optics (AO) System (Wizinowich et al.
2006; van Dam et al. 2006), which can be used in laser guide
star (LGS) or natural guide star (NGS) mode, to provide
near-diffraction limited angular resolution.
We used OSIRIS and the Keck AO system in laser guide
star (LGS) mode with a position angle of 0◦ on February 12,
2018 during program Z260. We observed with the H and K
narrow-band Hn4 (1652 − 1737 nm), Kn3 (2121 − 2229 nm)
and Kn4 (2208−2320 nm) filters in the 0.05” setting, provid-
ing fields of view of approximately 2.1” × 3.2”, 2.4” × 3.2”
and 2.1”× 3.2” respectively. The median spectral resolutions
in the K- and H-bands are approximately 3900 and 2800 re-
spectively. We used 600 s exposure times for both source and
sky frames, integrating on-source for a total of 40, 60, and 40
minutes in the Hn4, Kn3 and Kn4 bands respectively. The
HIPPARCOS stars HIP41798, HIP55182 and HIP53735, ob-
served before and after UGC 05771, were used as telluric and
flux standards.
3.2 Data reduction
We reduced our observations using the OSIRIS Data Re-
duction Pipeline (ODRP)2, a software package for idl, as
follows.
We mean-combined our dark frames to create a master
dark, which we subtracted from all science and sky frames.
To associate each spectra on the detector with its corre-
sponding lenslet, we ran the ‘extract spectra’ module, using
the appropriate rectification matrix for the plate scale and
filter, which provides the point spread function (PSF) for
each lenslet as a function of wavelength. We then resam-
pled the spectra to a linear wavelength grid, and assem-
bled them into a data cube, before removing sky lines using
the scaled sky subtraction method of Davies (2007). Next,
we extracted 1D spectra of our telluric and flux standard
stars and removed H i absorption features. We divided this
1D spectrum by a blackbody corresponding to the star’s ef-
fective temperature, which we estimated using its spectral
class, and normalised it to a value of 1 at the filter’s effective
wavelength. Lastly, we removed telluric absorption features
from our object exposures by dividing the data cubes by the
resulting 1D spectrum of the telluric standard.
Due to telescope pointing errors, the spatial shifts be-
tween individual exposures were not integer multiples of the
spaxel size, meaning we could not use the in-built mosaicing
function of the ODRP to combine our exposures. We instead
2 Available https://github.com/
Keck-DataReductionPipelines/OsirisDRP
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created the mosaics as follows. For each data cube, we gen-
erated a continuum image by summing the data cube along
the wavelength axis. We then calculated the spatial offsets
for each data cube by cross-correlating the continuum im-
ages. To shift each data cube by the required amount, we
used a 3rd-order spline function to shift and interpolate each
wavelength slice of the data cube. We then median combined
the shifted data cubes. The associated variance of each pixel
in the final data cube was calculated as the variance of the
pixels contributing to the pixel value.
To flux calibrate our science exposures, we generated a
1D spectrum of the flux standard in the same fashion as for
the telluric standard, and multiplied it by the normalised
blackbody to restore its original spectral shape, before re-
moving telluric absorption lines by dividing the spectrum
by the 1D spectrum of the telluric standard. Then, we de-
termined the median number of counts n per second in the
telluric-corrected spectrum of the flux standard in a small
window around the effective wavelengths of the 2MASS Ks
band (for our Kn3 and Kn4 band observations) and H band
(for our Hn4 band observations). We created a conversion
factor T by dividing the expected Fλ for the flux standard,
estimated using its 2MASS magnitude, by n. Lastly, we mul-
tiplied our data cubes by T to convert them from units of
counts s−1 to erg s−1 cm−2 A˚−1.
We used a Median Absolute Deviation (MAD) smooth-
ing algorithm to smooth the mosaiced data cubes and to
remove artefacts. For each pixel, we computed the median
and standard deviation of the surrounding 8 pixels, and re-
jected those pixels with absolute value greater than 3 stan-
dard deviations from the median. We iterated until no more
pixels were rejected. The value of the central pixel was then
replaced by the mean of the remaining pixels, and the vari-
ance of the central pixel was replaced by the mean of the
variance of the remaining pixels.
MAD smoothing degrades the intrinsic spatial resolu-
tion of our data σ by an amount σMAD such that the effec-
tive Gaussian sigma σ′ of the PSF is increased to
σ′ =
√
σ2MAD + σ
2 (2)
where we measured σ by fitting a 2D Gaussian to our un-
smoothed standard star exposures. We found the PSF of our
observations to be slightly asymmetric, with σ ≈ 0.034”×
0.057” in the Kn3 and Kn4 bands and σ ≈ 0.027”× 0.041”
in the Hn4 band. We measured σMAD ≈ 0.0459” by applying
the MAD smoothing algorithm to 2D Gaussian profiles with
known widths.
3.3 Emission line fitting
We used mpfit (Markwardt 2009), a python implemen-
tation of the Levenberg-Marquardt algorithm (More´ 1978)
developed by M. Rivers3, to simultaneously fit single-
component Gaussian profiles to emission lines and a linear
component to fit to the continuum, leaving the slope and
the intercept as free parameters. We discard fits with χ2 > 2
and signal-to-noise (S/N) < 3. We have corrected our line
widths for instrumental resolution by subtracting the width
3 Available http://cars9.uchicago.edu/software/python/
mpfit.html.
Table 2. Total emission line fluxes and upper limits measured
from the CALIFA data (top half of the table) and our OSIRIS
observations (bottom half). For emission lines in the CALIFA
and OSIRIS data, we measured the flux by simultaneously fitting
Gaussian profiles to all lines in the integrated spectrum extracted
from spaxels within 10 kpc and 200 pc of the nucleus respectively.
Upper limits were estimated using the method detailed in 3.3.
Emission lines in the CALIFA data have been corrected for ex-
tinction (Section 4.3.1).
Emission line Flux (10−14 erg s−1 cm−2)
[O ii]λλ3726,3729 7.56 ± 0.12
Hβ 2.18 ± 0.05
[O iii]λλ4959,5007 4.35 ± 0.05
[N ii]λλ6548,6583 7.12 ± 0.04
Hα 5.64 ± 0.03
[S ii]λ6716 4.10 ± 0.03
[S ii]λ6731 2.25 ± 0.03
H2 1–0 S(1) 1.85 ± 0.04
H2 1–0 S(0) 0.40 ± 0.05
H2 2–1 S(1) ≤ 1
Brγ ≤ 0.3
[Fe ii] 1.09 ± 0.05
of the line spread function in quadrature from the width of
the fitted Gaussian, where we estimated the width of the
line spread function by fitting a Gaussian to sky lines close
in wavelength to the relevant emission line.
To calculate integrated line fluxes, we summed the
fluxes in each spaxel. Due to poor S/N in the H21–0 S(0)
line, we measured the total flux by fitting a Gaussian to the
co-added spectrum within the central 200 pc, corresponding
to the area in which we detect H21–0 S(1).
To calculate upper limits for the fluxes of emission lines
not detected using our χ2 and S/N criteria, we used the
following method. In each spaxel, we calculated the standard
deviation σ of the continuum in a window centred on the
emission line. We assumed the non-detected emission line in
that spaxel was a Gaussian with amplitude 3σ. For the Brγ
line, we used the width of the Hα line measured using the
CALIFA data (Section 4), and for non-detected H2 lines, we
used the width of the H2 1–0 S(1) line. To estimate an upper
limit for the total emission line flux, we assumed the lines are
detected in every spaxel in which we detect the H2 1–0 S(1)
emission line.
3.4 Results
Fig. 2 shows the integrated spectra of our OSIRIS data cubes
within 200 pc of the nucleus in the Kn3 and Hn4 bands. In
the Kn3 and Kn4 bands, we detected ro-vibrational H2 1–0
emission lines which trace warm molecular gas, and in the
Hn4 band we detected the [Fe ii] a4D7/2 − a4F9/2 line (rest-
frame wavelength 1.644 µm) which traces the warm ionised
medium. Table 2 lists the fluxes of the detected emission
lines.
MNRAS 000, 1–19 (2019)
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Figure 2. Integrated spectra extracted from the OSIRIS data
cubes from spaxels within 200 pc of the nucleus in the Kn3 (a)
and Hn4 (b) bands with 1σ error bars shown. Spectral regions
dominated by sky emission have been indicated in grey.
3.4.1 H2 emission
Fig. 3 shows the Kn3 band continuum and the H2 1–0 S(1)
emission line flux (rest-frame wavelength 2.122 µm), radial
velocity and velocity dispersion.
Ro-vibrational emission arises from several processes:
hydrogen molecules can be collisionally excited by shocks,
or radiatively excited by UV radiation from young stars or
AGN. The H2 1–0 S(1)/Brγ ratio can be used to distinguish
between shock and UV excitation. In Fig. 4 we show the
H2 1–0 S(1)/Brγ ratio in each spaxel, where we have used up-
per limits for the Brγ flux in each spaxel estimated using the
method described in Section 3.3. The ratio far exceeds the
values of 0.1–1.5 typical of regions dominated by UV excita-
tion, strongly suggesting that the H2 is shock heated (Puxley
et al. 1990). The fact that [Fe ii] emission, a tracer of shocked
gas, is present in the same region (Section 3.4.2) further sup-
ports our hypothesis that the H2 is shock-heated.
In Fig. 5 we show an excitation diagram, in which the
strengths of the different H2 emission lines are used to es-
timate the relative populations of H2 molecules in different
rotational (J) and vibrational (ν) energy levels. Using the
emission line flux Iobs(u, l) corresponding to a transition be-
tween an upper u and lower l energy level, we plot the col-
umn density of H2 molecules in the upper level, Nobs(νu, Ju),
normalised by the statistical weight gJu , from the expression
of Rosenberg et al. (2013):
Nobs(νu, Ju)
gJu
=
4piλu,l
hc
Iobs(u, l)
A(u, l) , (3)
where λu,l is the rest-frame wavelength of the transition and
Au,l is the spontaneous emission coefficient, here obtained
from Wolniewicz et al. (1998).
We estimated the gas temperature by plotting
N(νu, Ju)/gJu as a function of transition energy. In local
thermodynamic equilibrium (LTE), the points will fall on
a straight line in log N(νu, Ju)/gJu , where the slope of the
line indicates the temperature. As we only have detections
for two emission lines and an upper limit for a third, we
cannot confirm whether the gas is in LTE. None the less, a
linear fit to our data yields T ≈ 5000 K.
We estimated the mass of warm H2 from the flux of the
H2 1–0 S(1) emission line F1−0 S(1) using
MH2 (T) =
2mpF1−0 S(1)4piD2L
fν=1,J=3(T)A1−0 S(1)hν
(4)
where A1−0 S(1) = 3.47× 10−7 s−1 is the spontaneous emission
coefficient (Turner et al. 1977), fν=1,J=3(T) is the number
fraction of H2 molecules in the ν = 1 vibrational state and
J = 3 rotational state at temperature T , and h and c are
the Planck constant and the speed of light respectively. In
LTE, the number fraction of molecules in a rovibrational
state with energy Ej and degeneracy gj is described by the
Boltzmann distribution
fj (T) =
gje−Ej /kT
Zvr(T) (5)
where k is the Boltzmann constant and Zvr(T) = ∑i gie−Ei/kT
is the partition function, which we computed using the
molecular data of Dabrowski (1984). At a temperature of
5000 K, consistent with our excitation diagram (Fig. 5),
fν=1,J=3(T) = 0.0210. Using this value in Eqn. 4 yields
MH2 (5000 K) = 4400 ± 70 M.
3.4.2 [Fe ii] emission
Fig. 6 shows the Hn4 band continuum and the [Fe ii]1.644 µm
emission line flux, radial velocity and velocity dispersion.
[Fe ii] emission occurs when dust grains are destroyed
by fast shocks, releasing iron atoms into the ISM which are
then singly ionised by the ambient radiation field. Super-
novae (SNe) explosions and AGN jets or disc winds can drive
shocks into the ISM, causing [Fe ii] emission.
To rule out SNe explosions, we estimated the star forma-
tion rate required to produce the observed [Fe ii] luminosity
in UGC 05771, using the same approach as in Zovaro et al.
(2019). First, we calculated the SNe rate νSN, [Fe II] from
the [Fe ii]1.26 µm luminosity using the empirical relation for
SB galaxies derived by Rosenberg et al. (2012)
log
(
νSN, [Fe II]
yr−1
)
= (1.01±0.2) log
(
L([Fe ii]1.26 µm)
erg s−1
)
−(41.17±0.9)
(6)
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Figure 3. (a) The Kn3 band continuum, and (b) the integrated flux, (c) radial velocity (relative to rest frame wavelength) and (d)
velocity dispersion of the H2 1–0 S(1) emission line. The Kn3 band continuum is indicated in contours, and the full width at half-maximum
(FWHM) of the PSF (taking into account the effects of MAD smoothing) is indicated in all figures.
where we assumed an intrinsic ratio [Fe ii] 1.26/1.64 µm =
1.36, which yielded νSN, [Fe II] = 0.28 yr−1.
We then estimated the SNe rate from the SFR
of UGC 05771, νSN, SFR using a solar metallicity Star-
burst99 (Leitherer et al. 1999) model with a continuous
SF law and a Salpeter initial mass function (IMF), where
we estimated the SNe rate by scaling the SFR of the model
to match the estimated Hα-based SFR (Section 4.3.3). For
ages > 1 Gyr, consistent with the stellar age of the galaxy (∼
10 Gyr (Sa´nchez et al. 2016)), this gives νSN, SFR ≈ 0.01 yr−1,
an order of magnitude too small to cause the [Fe ii] emission.
Therefore, we conclude that SNe explosions are not the pri-
mary cause of the [Fe ii] emission.
4 CALIFA OBSERVATIONS
4.1 Observations and data reduction using
Pipe3D
UGC 05771 was observed using the Potsdam Multi Aperture
Spectrograph (PMAS) instrument (Roth et al. 2005) on the
3.5 m telescope at the Calar Alto observatory as a part of
the Calar Alto Legacy Integral Field Area (CALIFA) survey
of 0.005 < z < 0.03 galaxies (Sa´nchez et al. 2012; Walcher
et al. 2014; Sa´nchez et al. 2016). PMAS is a fibre-bundle
spectrograph that produces a hexagonal data cube with 2.5”
spatial resolution (FWHM) over a 74” × 64” field of view.
Each galaxy in the survey was observed in both high (R ∼
1650) and low spectral resolution (R ∼ 850) modes of PMAS,
covering wavelength ranges of 3700 to 4800 A˚ and 3749 to
7500 A˚ respectively. The spectral resolution of the high- and
low-resolution modes corresponds to velocity dispersions of
approximately 100 km s−1 < σ < 200 km s−1 and 60 km s−1 <
σ < 80 km s−1 respectively. We show the spectrum extracted
from the ‘combined’ data cube, which merges the high- and
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fit.
low-resolution spectra into a single data cube, from spaxels
within 5 kpc of the nucleus in Fig.7.
We used the data products produced by Pipe3D, a
processing pipeline developed for integral field unit sur-
veys (Sa´nchez et al. 2016) developed by the CALIFA col-
laboration, to study the spatially resolved stellar population
and ionised gas properties of UGC 05771. To elevate the S/N
to a level sufficient for analysis of the stellar continuum,
Pipe3D spatially bins the data cube, before fitting spectral
templates to the spectra to provide quantities including the
kinematics, metallicity and ages of the stellar population.
The stellar continuum fit to each spaxel is then subtracted
from the data cube, yielding an emission line-only data cube,
to enable analysis of the emission line spectra.
4.2 Stellar properties
The best-fit stellar population of UGC 05771 produced by
Pipe3D is predominantly old, with a star formation history
well-approximated by an instantaneous burst ∼ 10 Gyr ago.
Fig. 8 shows the V band continuum reconstructed using the
data cube, the stellar radial velocity and velocity dispersion.
We estimated the black hole mass using the MBH − σ∗
relation of Gu¨ltekin et al. (2009), given by
log10
[
MBH
M
]
= (8.23 ± 0.08) ± (3.96 ± 0.42)
log10
[
σe
200 km s−1
]
(7)
where σe is the luminosity-weighted stellar velocity disper-
sion within the effective radius Re. We calculated σe from
the average flux intensity Ii and stellar velocity dispersion
σ∗,i in each spaxel i using
σe =
∑
i Iiσ∗,i∑
i σ∗,i
. (8)
We calculated σe within 1 Re, which we estimated by fitting
a Se´rsic profile to the V band continuum image constructed
from the data cube, which yields σ∗,i = 226± 3 km s−1. Using
this value, we estimated log10 MBH = 8.54 ±0.230.03 log M.
4.3 Emission line analysis
We performed our own Gaussian emission line fits to the
emission line-only data cube using the method detailed in
Section 3.3. We simultaneously fitted the emission lines
[O ii]λλ3726,3729, Hβ, [O iii]λλ4959,5007, [N ii]λλ6548,6583,
Hα, [S ii]λ6716 and [S ii]λ6731, where we constrained each
line to have the same kinematics, and we fixed the relative
fluxes of the lines in the [N ii] and [O iii] doublets to their
expected values of 1:3.06 and 1:2.94 respectively. Due to the
low spectral resolution of PMAS at the wavelengths of most
emission lines, we only fitted a single kinematic component
to each line.
We show the total extinction-corrected emission line
fluxes in Table 2, where we have summed fluxes from spaxels
with fits that have S/N > 3 and reduced χ2 < 2. The ionised
gas kinematics are shown in Fig. 9, where we present the Hα
flux, radial velocity and velocity dispersion.
4.3.1 Reddening
To correct our emission line fluxes for extinction, we used
the reddening curve of Fitzpatrick & Massa (2007) with
RV = 3.1, assuming that the ratio of the intrinsic line fluxes
I(Hα)/I(Hβ) = 2.85 corresponding to Case B recombination.
We calculated the total extinction in the V band, AV , in each
spaxel in which the line ratio had a S/N > 3 (Fig. 10). There
were a number of spaxels in which the ratio of the observed
fluxes
F(Hα)
F(Hβ) < 2.85, corresponding to values of AV < 0; these
non-physical line ratios are most likely due to systematic er-
rors in fitting the underlying stellar continuum.
To estimate the mean AV , we calculated the average
of the Hα/Hβ ratios in each spaxel in which the ratio has
S/N > 3 and F(Hα)
F(Hβ) > 2.85, which yielded AV = 0.831±0.014.
In spaxels where the Hβ S/N < 3 but Hα is still detected,
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Figure 6. (a) The Hn4 band continuum and (b) the integrated flux, (c) radial velocity (relative to rest frame wavelength) and (d) velocity
dispersion of the [Fe ii]emission line. The Hn4 band continuum is indicated in contours, and the FWHM of the PSF (taking into account
the effects of MAD smoothing) is indicated in all figures.
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Figure 8. (a) The stellar radial velocity, relative to systemic, and (b) velocity dispersion (Gaussian σ). The contours indicate the
logarithmically-scaled V band continuum.
we estimated upper limits for the Hβ flux using the method
detailed in Section 3.3, which provided a lower limit for AV .
In spaxels closer to the nucleus, AV & 0.5; at larger radii,
where the Hα surface brightness drops off, we cannot provide
any meaningful constraint on AV . Therefore, without any
further information, we assumed AV = 0.831 ± 0.014 across
the whole galaxy, and have used this value to correct for
extinction in the line fluxes given in Table 2.
We also used AV to estimate the hydrogen column den-
sity NH using the relation of Gu¨ver & O¨zel (2009). In the
spaxels over which we could measure AV , the mean column
density NH = 1.84 ± 0.03 × 1021 cm−2. We estimated the to-
tal hydrogen mass from the column densities in each spaxel
i using MH =
∑
i µmHNH, iAi ≥ 4.7 ± 0.2 × 108 M where
µ = 1.37 is the mean molecular mass, mH is the mass of
the hydrogen atom and Ai is the area of each spaxel in
cm2. This gave a mean molecular gas mass surface density
Σgas = 10.0 ± 0.5 M pc−2 which is consistent with our esti-
mate based on our CO observations (Σgas = 15 ± 5 M pc−2;
Section 5).
4.3.2 Excitation mechanism
To investigate the excitation source of the ionised gas, we
constructed optical diagnostic diagrams (ODDs) (Baldwin
et al. 1981; Veilleux & Osterbrock 1987; Kewley et al. 2001;
Kauffmann et al. 2003; Kewley et al. 2006). In an ODD,
the ratios of certain pairs of emission line fluxes are plotted
against one another to distinguish between excitation due
to shocks, photoionisation from stellar radiation fields and
harder radiation fields from AGN.
In Fig. 11a, we show the spaxel-by-spaxel ODDs for
UGC 05771, where each spaxel is colour-coded by its pro-
jected distance from the nucleus in the plane of the sky.
We used the line fluxes and velocity dispersion from our
Gaussian fit, only including spaxels in which the S/N of all
lines exceeds 3, except for the [O i]λ6300 line for which we
used the flux from the Monte Carlo-method fit provided by
Pipe3D (Sa´nchez et al. 2016, §3.6) because the S/N in this
line was too low to be fit using our own method. In all 3
ODDs, most spaxels lie above the maximum [O iii]/Hβ ratio
that can arise from star formation alone at a given [N ii]/Hα
ratio (the solid curve) of Kewley et al. (2001).
Despite their diagnostic power, line ratios alone cannot
be used to distinguish between photoionisation and shock
excitation for spaxels with low-ionization nuclear emission
line region (LINER)-like emission, which otherwise occupy
overlapping regions to the right of all 3 ODDs. For this rea-
son, in Fig. 11b we show the same ODDs with the spaxels
colour coded by the Hα velocity dispersion, which reveals
that the spaxels with the largest [N ii]/Hα ratios are also
those with the highest velocity dispersion, indicating shocks
dominate the line emission.
Although we cannot rule out shocks as the excitation
mechanism for the line emission in the outer regions of the
galaxy, the lower velocity dispersion in these regions is con-
sistent with line emission powered by a diffuse ionisation
field, probably from evolved stars (Singh et al. 2013; Belfiore
et al. 2016). This is consistent with the ∼ 10 Gyr old stellar
population of UGC 05771, in which post-AGB stars, hot and
evolved stars that emit a hard ionising spectrum, are ex-
pected to dominate the ionisation field, contaminating SFR
estimates based on the Hα flux and FUV magnitude. We
discuss the implications of this in the following section.
4.3.3 Star formation rate estimate
Using the total extinction-corrected Hα flux and the cali-
bration of Calzetti (2013) derived from stellar population
modelling using a Kroupa IMF, we estimated the global
SFR(Hα) = 0.2795 ± 0.0011 M yr−1. However, we are confi-
dent this is an upper limit due to contamination from other
sources of Hα emission. Inspection of Fig. 9b reveals that the
Hα emission peaks sharply within a few kpc of the nucleus,
which is also where we observe very strong shock signatures
(Fig. 11). Therefore a substantial portion of the total Hα
flux is due to shocks.
To obtain a more strict upper limit to the SFR, we used
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Figure 9. (a) V band continuum; (b) Hα emission line flux, (c) radial velocity (relative to systemic) and (d) velocity dispersion (Gaussian
σ), corrected for the instrumental dispersion. Contours show the logarithmically-scaled V band continuum.
the ODDs presented in Section 4.3.2. Although many spax-
els lie in the LINER region of the ODD, a significant num-
ber of spaxels occupy the intermediate region (between the
dashed and solid curves in the left panels of Figs. 11a and
11b), in which the line ratios indicate that both star for-
mation and shocks and/or radiation from post-AGB stars
contribute to the line emission. To obtain a better upper
limit for the SFR, we only included the Hα flux from spax-
els that lie in the intermediate and star-forming regions. Un-
fortunately, there are many spaxels that we could not show
on the ODDs due to poor S/N in [O iii] and Hβ. However,
these spaxels are predominantly at large radii, where the
surface brightness is low, and inspection of 11a shows that
there are very few spaxels at radii & 2 kpc that lie in the
LINER region. Hence, we assumed that all spaxels at large
radii with unknown line ratios lie in the intermediate or star-
forming regions of the ODD. Summing the Hα fluxes from
all spaxels in the intermediate or star-forming regions yields
SFR(Hα) = 0.1046±0.0007 M yr−1. We stress that this again
represents an upper limit, as the majority of these spaxels
lie in the intermediate region, implying contributions from
sources other than star formation.
To determine whether there is any significant star for-
mation obscured by extinction, we also estimated the SFR
using far-IR fluxes from the Infrared Astronomical Satel-
lite (IRAS, Neugebauer et al. 1984). Because UGC 05771
was not detected by IRAS, we instead used the IRAS Scan
Processing and Integration tool4 to estimate upper lim-
its from the total integrated flux density within ±2.5′ of
UGC 05771. Using the 60 µm flux density upper limit of
fν(60 µm) = 0.12 Jy and the total IR (TIR) bolometric correc-
tion LTIR = 1.7L60 µm of Rowan-Robinson et al. (1997) and
the TIR SFR calibration of Kennicutt (1998), we obtained
SFR(TIR) < 0.5 M yr−1. Given that the FIR fluxes may also
4 Available https://irsa.ipac.caltech.edu/applications/
Scanpi/.
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Figure 10. Total extinction in the V band AV . The contours
indicate the logarithmically-scaled V band continuum, and the
dashed circle shows the FWHM of the IRAM 30 m telescope beam
at the observed frequency of the CO(1–0) line (Section 5).
be contaminated by the AGN, this confirms that there is un-
likely to be a significant amount of obscured star formation,
which is expected given the modest AV we estimate from
our Hα and Hβ fluxes.
We also estimated the SFR using the Galaxy Evolution
Explorer far-UV magnitude. After correcting for reddening,
and using the UV SFR law of Salim et al. (2007), we found
SFR(UV) = 0.94±0.12 M yr−1, much larger than that based
on the Hα and far-IR fluxes. However, the UV flux is likely to
be strongly contaminated by emission from old stars; as dis-
cussed above, LINER-like emission line ratios suggest that
post-AGB stars most likely dominate the UV radiation field
in the outer regions of the galaxy. Hence, SFR(UV) repre-
sents a strict upper limit.
Therefore, because SFR(TIR), SFR(UV) and SFR(Hα)
represent strict upper limits, we conclude that the true SFR
in UGC 05771 is most likely lower than SFR(Hα) = 0.1046 ±
0.0007 M yr−1. We use this latter estimate of the SFR to
investigate the star formation efficiency in UGC 05771 in
Section 7.
4.3.4 Ionised gas kinematics
Fig. 9 shows the Hα flux, radial velocity and velocity dis-
persion. Upon first inspection, there are no obvious signs of
disrupted kinematics in the Hα radial velocity. This is per-
haps to be expected, given the low radio luminosity of the
source, which is several orders of magnitude lower than those
of the sample of GPS and CSS sources of Holt et al. (2008)
in which outflows of up to a few 1000 km s−1 are observed.
None the less, to determine whether there are any sig-
nificant non-circular motions in the ionised gas, we fitted a
disc model to the radial velocity data using mpfit. We first
fitted a Se´rsic profile to the galaxy’s light profile along its
semi-major axis in the V band continuum (Fig. 9a); we show
the Se´rsic parameters in Table 1. We then used the analyt-
ical expressions of Terzic´ & Graham (2005) for the circular
velocity in a Se´rsic potential, which also requires the total
galaxy mass; we used the mass estimated by Sa´nchez et al.
(2016) (Table 1). We fitted the circular velocity profile to
our data, allowing the systemic velocity, inclination and po-
sition angle to vary. We constrained the kinematic centre of
the disc to coincide with the peak in the V band continuum.
Fig. 12 shows our model fit and residuals to the ra-
dial velocity of the Hα disc. The χ2 > 10, indicating a poor
fit for our rather simplistic disc model. To ensure that any
disturbed kinematics in the central region were not biasing
the fit, we re-ran our fit with the central 2 kpc masked. The
best-fit parameters were almost identical in both cases, in-
dicating that the kinematics in the nuclear region were not
significantly biasing the fit. The residual reveals a counter-
rotating structure in the nucleus and a velocity gradient on
larger scales in the disc. Although counter-rotating cores are
not uncommon in ETGs (e.g., Bender 1988), this may also
indicate that our simple disc model is a poor fit to the data.
The Hα velocity dispersion (Fig. 9d) is clearly elevated
within 2 kpc of the nucleus, reaching values σ & 225 km s−1.
Whilst the velocity dispersion in most parts of the disc does
not exceed 100 km s−1, the velocity dispersion within about
2 kpc of the nucleus reaches values as high as 225 km s−1.
To determine whether the enhanced central velocity dis-
persion could be due to beam smearing, we used our best-fit
disc model to obtain line-of-sight (LOS) velocities, which we
then used to create synthetic emission lines in each spaxel of
a data cube. We modelled each emission line with an intrin-
sic Gaussian σ of 75 km/s, to match the observed velocity
dispersion in the outer regions of the gas disc, plus the in-
strumental resolution of PMAS. We spatially smoothed the
cube to match the 2.5” seeing of the CALIFA data, and
then spatially binned the cube to match the spaxel size. Fi-
nally we added Gaussian noise to replicate the S/N in the
CALIFA data. By measuring the velocity dispersion in each
spaxel using our emission line fitting routine, we found that
beam smearing was unable to reproduce the observed line
widths in the central 2 kpc. We hence rule out beam smear-
ing as the sole cause of the elevated velocity dispersion in
this region.
An alternative scenario to explain the high velocity dis-
persions and shock-like line ratios in the inner parts of the
disk of UGC 05771 could be accretion of gas from the sur-
roundings of the galaxy. In principle, such an accretion event
could also have triggered the nuclear activity. UGC 05771
resides in a group environment with two massive galaxies
within a few 100 kpc. Hence, a recent encounter or mi-
nor merger would not be implausible, although we do not
see any evidence for that, e.g., in the stellar morphology of
UGC 05771. Moreover, mass accretion rates required to fuel
nuclear radio activity are very low, of order 10−3 M yr−1
or less (e.g., Merloni et al. 2003), so that a specific trig-
gering event may not be necessary. We also do not see any
signatures of infalling neutral gas, such as interstellar Na D
absorption line components, and the rotation of the gas disk
is overall very regular (Fig. 9c); this is inconsistent with a
recent merger event that would have been strong enough to
stir up large parts of the gas in the nuclear regions.
An exception might be the small region within 2 kpc
of the nucleus where we find non-circular motions, which
could originate from a counter-rotating core, if this feature
is not due to an interaction with extended jet plasma. How-
ever, for accreted gas to become bound to the disc, it can-
not have a velocity much larger than the circular velocity
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Figure 11. Optical diagnostic diagrams for spaxels in UGC 05771 (Baldwin et al. 1981; Veilleux & Osterbrock 1987) with points
coloured by (a) their distance from the nucleus (assumed to coincide with the peak in the V band continuum) and (b) by the Hα velocity
dispersion. The solid lines represent the maximum [O iii]/Hβ ratio that can arise from star formation alone, derived from photoionisation
models (Kewley et al. 2001). In the left panels, the dashed line is the equivalent empirical relation of Kauffmann et al. (2003) which
separates star-forming galaxies and AGN hosts. In the middle and right panels, the dashed lines separate Seyfert-like (above) and
LINER-like ratios (below the line) (Kewley et al. 2006).
of the disc, which is approximately 100 km s−1 within the
inner kpc (Fig. 12d). Basic energy conservation arguments
would therefore make it unlikely that such gas can cause the
observed velocity dispersions of 225 km s−1, which are much
greater, even when neglecting that much of the kinetic en-
ergy of the gas is being radiated away by line emission from
shocked gas. We therefore do not consider accretion a strong
alternative explanation, although detailed, high-resolution
hydrodynamical simulations of rapid gas accretion events
would be very useful to explore this alternative further.
5 IRAM OBSERVATIONS
5.1 Observations
We obtained CO(1–0) and CO(2–1) spectra of UGC 05771
with the IRAM 30 m telescope through the Institut de Radio
Astronomie Millime´trique (IRAM) Director’s Discretionary
Program D06-18 on February 25th, 2019. The source was
observed with the Eight MIxer Receiver (EMIR), a wide-
band heterodyne receiver, as part of the heterodyne pool.
Both lines were observed together in dual-band mode with
the FTS200 and the The Wideband Line Multiple Auto-
correlator (WILMA) backends. They were placed in the UI
sideband, with a tuning frequency corresponding to the ex-
pected observed frequencies νobs of the lines at z = 0.02469,
112.494 GHz and 224.983 GHz for CO(1–0) and CO(2–1) re-
spectively. The IRAM beam FWHM is 21.8”at 114 GHz and
10.6” at 228 GHz.
We used Wobbler switching throws of 60”, which is
larger than the size of CO line emission in UGC 05771. The
telescope was focused at the beginning of the observations on
the bright quasar 1226+023, and then refocused every 3–4 hr.
Another quasar, 0923+392, which is near the source, was
used to reposition the telescope on the sky every 2–3 hr. In-
dividual scans were 30 s long, and we obtained a calibration
after sequences of 12 scans, i.e., every 6 minutes. The pre-
cipitable water vapour during observations varied between
1.5 and 5 mm. The total time on-source was 14580 s.
5.2 Data reduction
The data were calibrated at the telescope, and reduced with
the CLASS package of the IRAM GILDAS software (Gildas
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Figure 12. (a) Hα radial velocity from the Gaussian fit, (b) Se´rsic disc model fit, (c) velocity residuals, and (d) a plot showing the radial
velocity along the dashed green and red lines in Figs. (a) and (b), corrected for inclination. In Fig. (c), subtracting the model fit reveals
a counter-rotating structure in the central region of the galaxy. The velocities in Figs. (a) and (b) are given with respect to the local
standard of rest.
Team 2013). All scans were examined by eye, and first-order
polynomials were used to correct the baselines, after mask-
ing the spectral range covered by the line. We then averaged
the individual scans, combining both horizontal and verti-
cal polarizations. We used the antennae efficiencies given on
the EMIR website of 5.9 Jy K−1 for the 3 mm, and 7.5 Jy K−1
for the 1.3 mm data to translate the measured brightness
temperatures into flux density units, i.e., Jy. The lines are
detected with both backends. We used WILMA to extract
the scientific results, because it has a spectral resolution bet-
ter suited to measurements of extragalactic emission lines,
and more stable baselines. The resulting root-mean-square
(rms) noise is 5.3 mJy and 7.5 mJy for CO(1–0) and CO(2–
1), respectively, for a spectral channel width of 5 km s−1 at
112.5 GHz.
5.3 Results
We show the CO(1–0) and CO(2–1) spectra of UGC 05771
in Fig. 13, and the details of our observations and the fitted
Gaussian profiles in Table 3. Both lines were clearly detected
at the expected redshifts.
The CO(1–0) line shows a possible double-peaked pro-
file, with a total line width of FWHM = 476 ± 23 km s−1.
The CO(2–1) line is somewhat broader, with FWHM =
562 ± 26 km s−1, and appears to have a more complex line
profile, although this may be due to the lower S/N and
more irregular baselines at 1.3 mm. The CO(1–0) and CO(2–
1) lines are centred around velocities of 49 ± 13 km s−1 and
22 ± 11 km s−1 respectively, relative to the systemic redshift
of UGC 05771. The broad widths of the CO line profiles are
consistent with the radial velocities observed in the ionised
gas disc (vrad ≈ 200 km s−1, Fig. 9c) suggesting the broad
line widths are dominated by rotation, although additional
broadening due to turbulence may be present. The line fluxes
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Figure 13. (a) CO(1–0) and (b) CO(2–1) line profiles of
UGC 05771. Red lines show the best Gaussian fit to each line.
are 8.6 ± 0.4 Jy km s−1 and 11.9 ± 0.5 Jy km s−1 for CO(1–0)
and CO(2–1) respectively. The line ratio CO(2–1)/CO(1–0)
= 2.5 is consistent with those in the sample of powerful ra-
dio galaxies with CO observations by Ocan˜a Flaquer et al.
(2010), although this ratio may be affected by the different
beam sizes of the 30-m telescope at 3 mm and 1.3 mm, which
would have an effect if the CO reservoir is more extended
than the 10” beam at 1.3 mm.
Although both the CO(1–0) and CO(2–1) line profiles
are complex, we could not justify the use of a more complex
model than a simple Gaussian profile due to the poor S/N.
To check the validity of this approach, we also estimated the
integrated flux by summing the spectra between ±500 km s−1;
for both the CO(1–0) and (2–1) lines, this method produced
values within the 1σ errors of the fluxes from the Gaussian
fit.
To estimate the molecular gas mass from the integrated
CO(1–0) line flux ICO, we first estimated the total CO line
luminosity L′CO using eqn. 3 of Solomon et al. (1997),
L′CO = 3.25 × 107ICO [ν0(1 + z)]−2 D2L(1 + z)−3 (9)
where L′CO has units K km s
−1 pc2, the luminosity distance
DL is given in Mpc, the rest-frame emission line frequency ν0
is given in GHz and ICO is given in Jy km s−1. As is standard
for nearby ETGs, we used a Milky Way conversion factor
between CO luminosity and H2 gas mass, corresponding to
αCO = 4.6 M / [K km s−1 pc2], which gives a molecular gas
mass MH2, CO = 1.1 ± 0.4 × 109 M.
5.3.1 Surface density of dense gas
Resolved CO observations suggest that CO emission traces
dust in ETGs (Alatalo et al. 2013). Hence, because our CO
observations are not spatially resolved, we estimated the
dense gas mass surface density Σgas using the extinction as a
proxy for the distribution of dense gas. At the frequency of
the observed CO(1–0) transition, the FWHM of the IRAM
beam is FWHM = (2460/νobs[GHz]) ”= 21.9”, slightly smaller
than the size of the ionised gas disc. As shown in Fig. 10, the
IRAM beam covers roughly the same area over which we are
able to measure AV ; over this region, AV varies from 0 − 2
magnitudes and has a clumpy distribution, showing no clear
trends with radius. Hence it is reasonable for us to assume
that the CO emission is uniformly distributed across the
IRAM beam, which gives Σgas = 15 ± 5 M pc−2, consistent
with our AV -based estimate (Σgas = 10.0±0.5 M pc−2.). We
use this gas mass surface density estimate in Section 6.3 to
investigate whether the jets are inducing negative feedback
in UGC 05771.
6 DISCUSSION
In this section, we present our interpretation of our OSIRIS,
CALIFA and IRAM results. First, we argue that the shocked
near-IR and optical line emission is due to jet-ISM interac-
tions, and therefore that the radio source is much more ex-
tended than its apparent size in existing VLBI observations.
We then use our CO observations and SFR estimates to de-
termine whether the extended jet plasma is inhibiting star
formation in UGC 05771. Finally, we constrain the proper-
ties of the density distribution of the ISM in UGC 05771 and
estimate the age of the radio source.
6.1 Evidence for jet-ISM interaction in
UGC 05771
Using our OSIRIS data (Section 3), we detected shocked
molecular and ionised gas at radii of ≈ 200 pc, whereas the
CALIFA data (Section 4) revealed shocked ionised gas at
radii of ≈ 1 kpc. Here, we argue that both the optical and
near-IR line emission is caused by the radio jets.
In Section 3.4.2, we showed that SNe explosions are un-
able to reproduce the observed [Fe ii] line luminosity. Mean-
while, the [Fe ii], H2 and Hα luminosities represent a few per
cent of the estimated jet power (4.2×1041 erg s−1), meaning it
is energetically plausible for the jets to power the line emis-
sion via radiative shocks. The [Fe ii] exhibits a sharp velocity
gradient of ≈ 200 km s−1 and has broad line widths of up to
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Table 3. Observational results for CO: Rest-frame and observed frequency, velocity offset to z = 0.02469, FWHM line width, peak
brightness temperature, and integrated line flux.
Line ν0 (GHz) νobs (GHz) ∆v (km s
−1) FWHM (km s−1) Tpk (mK) Flux ICO (Jy km s−1)
CO(1–0) 115.271 112.4755 ± 0.0013 −49.4 ± 4.7 476 ± 23 2.9 ± 0.1 8.6 ± 0.4
CO(2–1) 230.538 224.9662 ± 0.0009 22.4 ± 11.5 562 ± 26 2.65 ± 0.1 11.9 ± 0.5
230 km s−1 (Fig. 6), indicating this gas is being excited by
an energetic process. The radial velocities expected due to
galactic rotation at these radii are insufficient to explain the
velocity gradient in the [Fe ii]. Meanwhile, there is no coher-
ent rotation in the warm H2, with most of the line emission
being blueshifted (Fig. 3), suggesting this material is being
ejected from the nucleus. The radial velocities of both the
[Fe ii] and the H2 are too small for the gas to escape the
host galaxy’s potential, with vesc ≈ 900 km s−1 at compara-
ble radii. We therefore conclude that both the H2 and the
[Fe ii] emission probe gas being accelerated out of the nu-
cleus by the jets, entrained in a ‘stalling wind’ that will not
escape the host galaxy. Similar phenomena have previously
been observed in NGC 1266 (e.g., Alatalo et al. 2015) and in
3C 326 N (Nesvadba et al. 2010, 2011), in which only a frac-
tion of the emission-line molecular gas accelerated by the
jets exceeds the escape velocity of the host galaxy.
In our CALIFA data we detected a kpc-scale region of
shocked gas with an elevated velocity dispersion in the vicin-
ity of the nucleus. We have shown that beam smearing is
unable to reproduce the observed velocity dispersion (Sec-
tion 4.3), and that the line ratios in this region are consis-
tent with shocks (Fig. 11b). We also demonstrated that it is
highly unlikely that UGC 05771 is accreting enough material
to drive these shocks, given the relatively ordered kinematics
in the ionised gas disc, and the lack of any signatures of in-
falling gas (Section 4.3.4). Hence, we conclude that kpc-scale
jet plasma must be responsible for this line emission.
However, the apparent size of the radio source is 9 pc
(e.g., Fig. A1a). This is inconsistent with our hypotheses
that the jets power the H2 and [Fe ii] emission, which ex-
tend ≈ 200 pc from the nucleus, and the Hα emission, which
extends ≈ 1 kpc from the nucleus. We address this in the
following section.
6.2 How extended is the radio source?
The turnover frequency of GPS and CSS sources is strongly
anticorrelated with the radio size of the source (O’Dea &
Baum 1997). In Fig. 14, we show this correlation for the
sample of GPS and CSS sources compiled by Jeyakumar
(2016). We also indicate UGC 05771 on the plot (red star),
using the linear size from the VLBI observations (de Vries
et al. 2009, Figs. A1a and A1b). UGC 05771 is offset from the
correlation by nearly two orders of magnitude, indicating it
is possible that the radio source is in fact & 100 times more
extended than its size in existing VLBI observations.
If the jets are oriented at a small angle θ to the line
of sight, the source will appear much more compact than
it truly is. Such beamed sources generally exhibit high
flux variability. However, Snellen et al. (2004) find that
UGC 05771 does not have significant flux variability at 5
and 8.4 GHz. We therefore conclude that the compactness
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Figure 14. The peak frequency versus largest linear size for
the catalogue of GPS and CSS sources compiled by Jeyakumar
(2016), illustrating the strong anticorrelation between turnover
frequency and linear size. The stars indicate the linear sizes, de-
rived from VLBI observations, of 4C 31.04 (Zovaro et al. 2019,
green) and UGC 05771 (red) presented by Giroletti et al. (2003)
and de Vries et al. (2009) respectively. Meanwhile, the arrows in-
dicate the approximate extent of ro-vibrational H2 emission in in
4C 31.04 and optical emission line gas with line ratios consistent
with shocks (Fig. 11b), which may trace extended, low surface
brightness jet plasma that is resolved out in the VLBI images.
of the radio source is not an orientation effect. Why, then,
does it appear to be so small?
The linear size of the radio source associated with
UGC 05771 is based on the VLBI observations of de Vries
et al. (2009) at 1.665 GHz. Referring to Fig. 1, these VLBI
observations recover only 20 to 30 per cent of the unresolved
single-dish fluxes at comparable frequencies. This implies
that 70−80 per cent of the radio emission at these frequencies
is emitted on scales larger than the spatial cutoff frequency
of the VLBI observations.
The presence of bright, compact radio structures em-
bedded in extended regions of low surface brightness radio
emission is a key signature of jets in the “flood-and-channel
phase” of evolution (Sutherland & Bicknell 2007). In this
phase, emergent jets split into multiple streams as they in-
teract with a clumpy medium. Whilst the weaker streams
percolate isotropically and form a bubble that drives a shock
into the surrounding medium, the main jet stream emits
brightly in the radio as it interacts with the ISM imped-
ing its passage. Synthetic radio surface brightness images of
these simulations (e.g., fig. 9 of Zovaro et al. 2019) show that
the bubble can expand rapidly, enabling low-surface bright-
ness plasma to be much more extended than the brightest
radio structures. The low flux completeness of the pc-scale
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VLBI observations, coupled with the kpc-scale shocked gas,
therefore suggests the jets in UGC 05771 are in the “flood-
and-channel phase”, which we have previously observed in
the CSS source 4C 31.04 (Zovaro et al. 2019). The possi-
ble presence of a counter-rotating core (Fig. 12c) may ad-
ditionally be a signature of jets interacting with a clumpy
disc (Mukherjee et al. 2018b), a phenomenon also observed
in IC 5063 (Morganti et al. 2015; Mukherjee et al. 2018a).
6.3 Are the jets inducing negative feedback in
UGC 05771?
Even if the jets in UGC 05771 are not powerful enough to
prevent star formation by ejecting gas from the host galaxy’s
potential, our optical and near-IR observations indicate that
there is kpc-scale jet plasma driving shocks and turbulence
into the ISM. In this section, we use the Kennicutt-Schmidt
(KS) relation (Kennicutt 1998) to determine whether the
galaxy has a noticeable offset from that relation that could
be attributed to the interactions with the radio jet.
Fig. 15 shows where UGC 05771 lies with respect to the
KS relation (assuming a Salpeter IMF). To estimate Σgas in
UGC 05771, we use our CO observations; for the SFR surface
density ΣSFR, we show our estimates computed using both
the total Hα flux (empty red triangle) and the Hα flux only
from spaxels with emission line ratios lying in the interme-
diate and star-forming regions of the optical diagnostic dia-
grams (filled red triangle). We favour the latter value, as the
first is contaminated by gas where shocks, AGN photoion-
isation and/or photoionisation from post-AGB stars domi-
nates, as indicated by the line ratios.
For comparison, we also show galaxies from two differ-
ent samples: 15 early-type galaxies from Martig et al. (2013),
which do not host AGN, but may show signatures of mor-
phological quenching, and 16 bright, gas-rich radio galaxies
(’molecular hydrogen emission galaxies’ (MOHEGs)) from
Lanz et al. (2016), which contain warm, shocked molecular
gas, presumably from interactions with the radio jet (Ogle
et al. 2010; Nesvadba et al. 2010). The star-formation rates
in these samples were derived from PAHs and the far-
infrared dust emission, respectively, which may imply small
systematic uncertainties of-order 0.1 − 0.2 dex compared to
UGC 05771.
We also show the original sample of spiral and star-
burst galaxies from Kennicutt (1998), where the SFRs have
been estimated using Hα and FIR fluxes respectively, both
adjusted for a Salpeter IMF. Adopting the SFR(Hα) esti-
mate only using the intermediate and star-forming spaxels,
UGC 05771 is shifted by a factor of 9 from the KS relation-
ship of ordinary star-forming galaxies, corresponding to a
shift of about 1 sigma, and in the regime covered by the
samples of Martig et al. (2013) and Lanz et al. (2016). How-
ever, as discussed in Section 4.3.3, our ΣSFR estimate should
be interpreted as an upper limit due to contamination from
shocks, AGN photoionisation and/or post-AGB stars. It is
therefore feasible that UGC 05771 is even more strongly off-
set. Spatially resolved observations would be needed to see
whether this offset of the global, source averaged gas and
star-formation surface densities heralds a more pronounced,
local decrease in star formation efficiency, or whether a slight
global decrease is happening in UGC 05771. This would also
help to distinguish whether such a decrease would be due to
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Figure 15. The Kennicutt-Schmidt (KS) relation. The black line
represents the KS relation for a Salpeter IMF. We also show lines
which display star forming efficiencies of 10× (dotted line), 0.1×
(dashed line) and 0.01× (dot-dashed line) that of the KS rela-
tion. We indicate UGC 05771 with 1σ error bars for Σgas and
ΣSFR, where we have adopted the Hα-based SFR surface density
computed using all spaxels within the IRAM beam (empty red
triangle) and computed using only those spaxels with line ratios
that lie in the intermediate or star-forming regions of the ODD
shown in Fig. 11 (filled red triangle). The blue points are the sam-
ple of quiescent ETGs of Martig et al. (2013), where the SFRs
have been estimated using the 8 µm flux, and the magenta points
are the sample of radio galaxies of Lanz et al. (2016). The grey
circles and squares are the sample of spiral and starburst galaxies
of Kennicutt (1998). The SFRs for all samples have been adjusted
for a Salpeter IMF.
interactions with the radio jet, or other quenching mecha-
nisms, e.g., morphological quenching. Regardless of the de-
tailed mechanism in place, however, our results do show that
UGC 05771 has a slightly lower star formation rate than
would be expected from the Kennicutt-Schmidt law at face
value.
6.4 Constraining the parameters of the ISM
density distribution
Free-free absorption (FFA) of synchrotron radiation by an
inhomogeneous ionised medium enshrouding the jet plasma
can replicate the characteristic spectrum of GPS and CSS
sources (Bicknell et al. 2018). Under this paradigm, the fre-
quency of the spectral peak is sensitive to the density prob-
ability distribution function (PDF) of the ISM. Here, we
use the method of Zovaro et al. (2019) to infer the proper-
ties of the density PDF in UGC 05771; for full details of the
method, we refer the reader to their section 5.4.
We modelled the ISM as having a log-normal den-
sity distribution, which is appropriate for turbulent me-
dia (Nordlund & Padoan 1999; Federrath & Klessen 2012),
and assumed the absorbing medium is a slab with depth
L = 2 kpc, corresponding to the region of elevated velocity
dispersion in the ionised gas (Fig. 9d). Eqn. 17 of Zovaro
et al. (2019) gives the the free-free optical depth τν as a
MNRAS 000, 1–19 (2019)
Jet-ISM interactions in UGC05771 17
Table 4. Parameters used in determining the parameters of the
log-normal density distribution. Output parameters are denoted
with daggers (†). Fractional abundances were estimated using
a Mappings V (Sutherland et al. 2013) model grid with non-
equilibrium cooling and solar abundances.
Parameter Symbol Value
Peak frequency νp 150 MHz
Depth of absorbing slab L 2 kpc
Temperature T 104 K
Mean molecular mass µ 0.66504
Electron fractional abundance ne/n 0.47175
H+ fractional abundance nH+/n 0.41932
He+ fractional abundance nHe+/n 0.024458
He++ fractional abundance nHe++/n 0.013770
Line-of-sight velocity dispersion σg 225 km s−1
Sound speed cs 11.21 km s−1
Turbulent Mach number M 34.75 km s−1
Turbulent forcing parameter b 0.4
Ratio of thermal to magnetic pressure β 1 (equipartition)
Expected value of n2† E(n2) 116.7 cm−6
Mean density† n¯ 1.094 cm−3
Density variance† σ2 115.5 cm−6
function of ISM parameters shown in Table 4 and the ex-
pected value of n2 in the slab E(n2). We estimated E(n2) by
setting τν = 1 at the spectral peak νp, and used eqns. 11–13
and 18 of Zovaro et al. (2019) to estimate the mean density
n¯ and the standard deviation σ of the density PDF, shown
in in Table 4. The low mean density (∼ 1 cm−3) is consis-
tent with the low-frequency spectral turnover of UGC 05771,
whereas the inferred high turbulent Mach number and the
assumption of a log-normal distribution gives a large value
for E(n2).
We then estimated the age of the radio source using
the extent of the shocked gas, our new density estimate and
the jet power. Assuming that the jet-driven bubble evolves
adiabatically, the time taken tb for the bubble to reach its
current size Rb if inflated by a jet with power Ljet expanding
into a uniform medium with density ρ is given by (Bicknell
& Begelman 1996)
tb =
(
384pi
125
)1/3
ρ1/3L−1/3jet R
5/3
b
(10)
where we adopted Rb = 2 kpc and a density n = 1 cm−3 con-
sistent with our FFA model. This gives an age of approxi-
mately 19 Myr.
7 CONCLUSION
We have studied jet-ISM interactions in the low-power CSS
source UGC 05771 in order to search for evidence that the
jets are inhibiting star formation in the host galaxy.
We analysed the sub-kpc scale circumnuclear gas of the
host galaxy to search for signatures of jet-ISM interactions
using near-infrared integral field spectroscopy from OSIRIS.
We detected ro-vibrational H2 emission in the central
200 pc of the host galaxy that probes shock-heated molecular
gas at T ≈ 5000 K. We also detected [Fe ii]1.644 µm emission in
the same region with luminosity too high to be explained by
SNe explosions, whereas the jet power is sufficient to power
both the [Fe ii] and H2 luminosities, leaving shocks induced
by the jets as the most likely cause. The kinematics of both
the H2 and [Fe ii] emission lines imply that the jets are accel-
erating material out of the nucleus to velocities insufficient
to expel the gas from the host galaxy potential, creating a
‘stalling wind’.
We analysed the properties of the kpc-scale optical emis-
sion line gas in the galaxy using optical integral field spec-
troscopy from the CALIFA survey. The host galaxy has a
disc of ionised gas approximately 20 kpc in diameter. Line
ratios, broad line widths and disturbed kinematics in the
innermost 2 kpc cannot be explained by beam smearing or
by accretion, indicating that the gas in this region is be-
ing shocked and disturbed by the jets. Further observations
with higher spectral resolution are required to confirm the
presence of multiple kinematic components in the emission
lines that would arise from jet-ISM interactions.
Both the CALIFA and OSIRIS data show that the jets
are interacting strongly with the ISM out to kpc radii, in
apparent contradiction to the pc-scale structure revealed by
VLBI imaging. We proposed that UGC 05771 in fact hosts
a kpc-scale radio source, and that the extended jet plasma
is either resolved out by these observations or has too low a
surface brightness to be detected, consistent with the loca-
tion of UGC 05771 on the peak frequency-size correlation.
To determine whether the jets are inhibiting star for-
mation in UGC 05771, we obtained IRAM observations of
CO(1–0) and CO(2–1), and found Mgas = 1.1 ± 0.4 × 109 M
and a mean surface density Σgas = 15± 5 M pc−2. Although
we found that it is possible that UGC 05771 is significantly
offset from the KS relation, we were unable to confirm
whether negative feedback is taking place due to systematic
uncertainties in our Hα-based SFR estimate due to contam-
ination by shocks and evolved stars.
The fact that we have observed signatures of jet-ISM in-
teractions out to kpc radii in both 4C 31.04 and UGC 05771
suggests that diffuse, low surface brightness radio plasma
that is not visible in VLBI observations may be common in
compact radio galaxies. Our observations have shown that
this radio plasma interacts strongly with the ISM, heating
and injecting turbulence, and potentially inhibiting star for-
mation. This finding demonstrates that young radio sources
with seemingly compact jets may have a substantial impact
on the star formation of their host galaxy, having important
implications for the role that jets play in galaxy evolution.
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APPENDIX A: THE MORPHOLOGY OF THE
RADIO SOURCE
The radio source associated with UGC 05771 has a strikingly
different morphology at 1.665 GHz (Fig. A1a), 4.993 GHz
(Fig. A1b) and at 8.4 GHz (Fig. A1c). A South-West (SW)
component at a projected distance of 18.3 pc is visible
at 8.4 GHz; whilst there is faint contour to the SW at
4.993 GHz, it is absent at 1.665 GHz. In this section we ad-
dress the apparent discrepancies between the three images.
The SW contour is offset by ≈ 16 mas (7.1 pc) between
the 4.993 GHz and 8.4 GHz images. The observations are
separated by 6.6 yr, corresponding to an apparent speed of
≈ 3.5c, which would only be plausible if the source were
strongly beamed. We rule this out due to the source’s low
flux variability (Snellen et al. 2004); therefore the SW con-
tour in the 4.993 GHz image is probably an artefact.
Using the 8.4 GHz radio source count of Fomalont et al.
(2002) we estimate the likelihood that the SW component is
a background source to be vanishingly small, and therefore
is most probably associated with UGC 05771. It is instead
likely to be a site where jet plasma has interacted with a
particularly dense cloud in the ISM, re-accelerating electrons
and creating a temporary hot spot.
The SW component may be absent from the 1.665 GHz
and 4.993 GHz images due to beam smearing. If the inte-
grated flux of a point source is lower than the rms noise
per beam, the component will be indistinguishable from
noise. The integrated flux of the SW component at 8.4 GHz
is Sint(8.4 Ghz) = 2.13 mJy (Cheng & An 2018). Assuming
the spectral index of the source α = 0.62 (Snellen et al.
2004), then the integrated fluxes Sint(5.0 Ghz) = 2.94 mJy and
Sint(1.7 Ghz) = 5.74 mJy. The rms noise of the observations
is 0.23 mJy beam−1 and 0.10 mJy beam−1 at 4.993 GHz and
1.665 GHz respectively, meaning that the SW component
would be detected with a high S/N in either case; hence
beam smearing cannot explain why the component is not
visible.
We conclude that either (i) the SW component is
strongly absorbed at these frequencies, either by synchrotron
self-absorption or FFA, or (ii), there is structure at these
lower frequencies that has been resolved out, which is con-
sistent with the low flux completeness of these observations
(≤ 30 per cent, see Fig. 1). For example, the jet structure vis-
ible at 1.7 GHz and 5 GHz is absent at 8.4 GHz. Using the
flux along the jet axis from Fig. A1b and assuming α = 0.62,
the emission at 8.4 GHz should be ≈ 5 mJy, well above the
rms noise (0.07 mJy), indicating that the jets have been re-
solved out in these observations. It is therefore plausible that
the SW component has lower frequency counterparts that
are not visible in these observations.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
9 The astrogeo database is maintained by Leonid Petrov, and is
available at http://astrogeo.org/.
MNRAS 000, 1–19 (2019)
20 H. R. M. Zovaro et al.
0 5 10 15 20
M
ill
iA
R
C
 S
E
C
MilliARC SEC
40 30 20 10 0 -10 -20 -30 -40
40
30
20
10
0
-10
-20
-30
-40
(a)
0 5 10 15
M
ill
iA
R
C
 S
E
C
MilliARC SEC
40 20 0 -20 -40
50
40
30
20
10
0
-10
-20
-30
-40
-50
(b) (c)
Figure A1. (a) and (b) show VLBI images of UGC 05771 at 1.665 GHz and 4.993 GHz respectively (de Vries et al. (2009), A&A, 498,
641, 2009, reproduced with permission © ESO). (c) shows the VLBI image at 8.4 GHz, obtained from the astrogeo database9. The
root-mean-square (rms) sensitivities for these observations are 0.10, 0.23 and 0.09 mJy beam−1 respectively.
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